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Abstract: The conversion of alcohols towards aldehydes in the presence of catalysts by non-oxidative
dehydrogenation requires special importance from the perspective of green chemistry. Sodium
(Na) super ionic conductor (NASICON)-type hydrogen titanium phosphate sulfate (HTPS;
H1−xTi2(PO4)3−x(SO4)x, x = 0.5–1) catalysts were synthesized by the sol-gel method, characterized
by N2 gas sorption, X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), NH3 temperature-programmed desorption (NH3-TPD),
ultraviolet–visible (UV-VIS) spectroscopy, and their catalytic properties were studied for the
non-oxidative dehydrogenation of methanol and ethanol. The ethanol is more reactive than methanol,
with the conversion for ethanol exceeding 95% as compared to methanol, where the conversion has
a maximum value at 55%. The selectivity to formaldehyde is almost 100% in methanol conversion,
while the selectivity to acetaldehyde decreases from 56% to 43% in ethanol conversion, when the
reaction temperature is increased from 250 to 400 ◦C.
Keywords: methanol; ethanol; dehydrogenation; hydrogen titanium phosphate sulfate
1. Introduction
Dehydrogenation of alcohols to aldehydes is important for producing the precursors for
manufacturing downstream products, including fine chemicals, pharmaceuticals, polymers, and
inks. Demand for formaldehyde is increasing, and currently exceeds 30 MT/year [1], while demand
for acetaldehyde is around 1 MT/year, while unregenerable catalysts are unable to support these
requirements. Recently, considerable interest is being paid to the dehydrogenation of methanol and
ethanol due to the safety and sustainability aspects of the reaction compared to the oxidative route.
Avoiding the use of oxygen removes the explosion risk, and the byproduct, hydrogen, is one of the
most promising clean energy sources [2] and a component of syngas. Ethanol, a platform chemical for
biorenewable-based chemical industry [3], is also gaining interest as a substrate for dehydrogenation.
In a thermodynamic consideration of dehydrogenation, conversion of methanol to formaldehyde
is 20% at 400 ◦C and increases to 87% at 600 ◦C [4]. However, this reaction becomes insignificant
when the competing full dehydrogenation to carbon monoxide is included. Catalysts based on
transition metals, such as copper, are very active for alcohol dehydrogenation, but the main products
are hydrogen and carbon monoxide [5]. Establishing kinetic control by employing catalysts is needed
to enhance conversions at low temperatures and to suppress competing reactions. Other side reactions,
such as the formation of coke, also need to be eliminated [6].
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Even when catalysts are employed, appreciable yields of formaldehyde generally require higher
temperatures (~600–900 ◦C) [7–10]. Supported Cu(0) nanoparticle catalysts on fluoro tetrasilicic
mica have been reported as having 100% selectivity for formaldehyde, with conversions as high
as 6% at 400 ◦C [6,8], but methyl formate is produced in the presence of Cu(I) or Cu(II). Copper
phosphate supported on SiO2 markedly increased the catalytic performance with a P/Cu ratio = 0.2;
reported was the selectivity of 92% and 25% conversion at 500 ◦C with a ratio of catalyst mass
to substrate flow rate (W/F, gcat·h/molMeOH) of 0.8, and 84% conversion with 52% selectivity at
W/F = 4.2 [11]. Supported metal nanoparticles can be effective for ethanol conversion as
well. For example, Cu/mesoporous carbon [12], Au/MoO3 [13], and Au/MgCuCr2O4 [14] have
been reported to show high conversions/selectivities of (83.3%–98%)/(94%–99%) at temperatures
between 240 and 290 ◦C. When up to 20 wt % silver was added to SiO2–MgO, SiO2–Al2O3, and
Al4Si4O10(OH)8, they showed conversions above 90% and selectivities for formaldehyde above 70% at
625–650 ◦C [15–17]. However, the limited span of their high activities has been a challenging issue [18].
Other than metallic particles, metal oxides are active for methanol dehydrogenation at relatively
high temperatures. Na0.5Li0.5AlO2 showed 98% conversion and 74% selectivity with W/F = 9.3
at 900 ◦C [19]. Such high-temperature conditions are required to avoid formation of coke, which
deactivates the catalyst. Ag2O, ZnO, NaMgPO4, and Na2CO3 could be also used at the temperatures
in 600–900 ◦C [9,20,21]. On the sodium-modified silicalite-1, studied for methanol and ethanol
dehydrogenation [5], it was confirmed that the active sites are Si-O-Si bridges generated by surface
dehydration, and not sodium ions, which were proven to be non-reactive. The 13X zeolites exchanged
with Zn2+ ions showed 67% selectivity and 34% conversion at 600 ◦C [6,9]. Interestingly, although
the selectivity was still low, the study found that at relatively low temperatures the residual solid
acidity in the aluminosilicate framework was important in preventing the complete dehydrogenation
of formaldehyde to carbon monoxide. More recently, the sodium (Na) super ionic conductor
(NASICON)-type nickel titanium phosphate (Ni0.5Ti2(PO4)3, showed a selectivity around 80% for
formaldehyde and total conversion around 70% at relatively low temperatures (340–360 ◦C) but,
unfortunately, the stability of the catalyst was not reported [22]. While good performance was
attributed to redox activity, it is worth noting the expected acidity of the titanium phosphate
framework structure.
Herein we report NASICON-type hydrogen titanium phosphate sulfate (HTPS;
H1−xTi2(PO4)3−x(SO4)x, x = 0.5–1) as the first metal-free solid acid catalyst that is highly efficient for
dehydrogenation of methanol to formaldehyde and also for conversion of ethanol to acetaldehyde and
ethylene, in the absence of O2. In our previous report [23] we described the preparation by the sol-gel
method and characterization of nanoporous HTPS. Structural protons in the NASICON-channels
were detected by magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy.
The strongly-polarizing nature of the sulfate ligand should increase the acidity of structural protons
and, yet, the reducibility of Ti4+ to Ti3+ may play a role in non-oxidative dehydrogenation as
indicated previously [22]. The current studies indicate that HTPS shows an excellent performance in
methanol dehydrogenation to formaldehyde, and in the conversion of ethanol through non-oxidative
dehydrogenation and dehydration.
2. Results and Discussion
2.1. Characterization of the Catalysts
Powder X-ray powder diffraction (PXRD) diffraction patterns of catalysts, HTPS-600, -650, and
-700, are shown in Figure 1, and the drop-lines show the reference PXRD pattern of HTPS-600 (Space
Group: R3c; a = 8.4717 Å; c = 21.663 Å). All of the Bragg peaks could be assigned as the ones from HTPS.
The unit cell refinement gave a = 8.472 Å; c = 21.66 Å for HTPS-600, 8.482 Å; 21.64 Å for HTPS-650
and 8.484 Å; 21.76 Å for HTPS-700, while the Scherrer equation estimated similar average crystallite
sizes, 16, 15, and 17 nm, respectively (Table 1). As previously reported, sintering during calcination
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at 700 ◦C coincides with an increase in the crystallite size as well as the enlargement of the unit cell
volume which is associated with sulfate loss [23].
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and 500 nm for (b).  
Figure 1. PXRD patterns of the catalysts hydrogen titanium phosphate sulfate (HTPS)-600 (bottom),
HTPS-650 ( iddle), and HTPS-700 (top).
The morphology and microstructure of the catalysts were characterized with scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) by using HTPS-650 as the
representative. The SEM image in Figure 2a indicates that the HTPS is formed into isotropically-shaped
particles of 1–2 µm in diameter. At a high magnification ratio (Figure 2b), the particles exhibit a
nanostructured surface texture indicative of aggregated nanoparticles with interparticles textural pores
which can be clearly seen in the TEM images (Figure 3). A closer look with high resolution TEM
(HRTEM) images indicate that the primary nanoparticles are 20–50 nm in diameter, although fused
together strongly, and they exhibit well-developed lattice fringes (Figure 3b). The primary particle
sizes and the high crystallinity are in agreement with the results from the XRD patterns in Figure 1.
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Figure 3. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) micrographs of
HTPS-650; scale bars are 100 nm for (a) and 10 nm for (b).
Ch racteristics of the textural pores in the aggregates were further studied by nitrog n orption
measurements. Nitrogen sorption isotherms and Barrett–Joyner–Halenda (BJH) pore size distributions
of the catalysts are shown in Figure 4a,b. The sorption isotherms are a combination of type-III and
type-V, and show a type H3 hysteresis indicating that both mesopores and macropores are present [24].
BJH pore size distributions (Figure 4b), show peak maxima of 18, 23, and 40 nm for HTPS-600, -650,
and -700, respectively, and the average pore widths are 16, 20, and 29 nm. In addition to shifting to
wider pore sizes, the peaks become broadened with higher calcination temperatures. Despite a broader
distribution of pore sizes, the pore volumes were co parable betw en HTPS-650 and -700, with pore
volumes of 0.25 and 0.24 cm3/g, respectively, although the sample HTPS-600 had slightly lower value
(0.22 cm3/g). W ile pore coarsening oc urs to a larger extent with higher calcination t mperatur s, the
primary crystallite size does not significantly increase, which suggests that the increased pore widths
may be associated with widening of the necks between connected primary particles due to the greater
extent of sintering. Brunauer–Emmett–Teller (BET) surface areas (SBET) and pore characteristics are
summarized in Table 1.
Table 1. Surface areas, pore characteristics, and surface acid site concentrations of the hydrogen
titanium phosphate sulfate (HTPS) catalysts.












HTPS-600 8.472 21.66 16 56 0.22 16 21 37.6
HTPS-650 8.482 21.64 15 50 0.25 20 25 32.5
HTPS-700 8.484 21.76 17 32 0.24 29 - 4.8
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3- profiles for adsorbed am onia are presented in Figure 5 for the temperature region
from room temperature to 700 ◦C where the catalysts ar thermally stable. An initial desorption peak
was observed near 90 ◦C for all samples, which is due to physisorbed ammonia. HTPS-600 shows a
broad peak fr m 200 to 400 ◦C with a aximum at 300 ◦C and the acid site concentratio was estimated
t be 21 µmol/g (Table 1). The same broad peak app ars in the TPD profile of HTPS-650 from 200 to
500 ◦C with a slightly higher peak position (335 ◦C) and a i r acid site concentration (25.4 µmol/g),
indicating that HTPS-650 has a slightly stronger acidity than HTPS-600. Meanwhile, HTPS-700 does
not show any peak in that temperature region and, thus, the pres nce of acid sites with moderat
str ngth is not apparent. It can be concluded that calcinatio at 650 ◦C leads to the highest acidity for
the HTPS sy tem. The lack of acid sites in HTPS-700 i consistent with our previous results on thermal
stability of the str ctu al sulfates in HTPS [23]. Elemental analysis showed a decrea e in the sulfate
content with higher calcination temperature. It is not d that HTPS is more thermally stable than
sulfat titania, which can be a desirable catalyst for the dehydrogenation and dehydration of alcohols.
When th sulfated titania was calcined to 700 ◦C, its NH3-sorption c pacity was greatly diminished
and it showed almost no surface acid sites due to the thermal instability f surface sulfates [25].
The comparison of UV-VIS spectra (Figure 6) of all samples demonstrates that they are shifted
toward the higher wavelengths for the c talyst calcinated at 650 ◦C. The bands situated in the range of
210–215 nm corr spond to presence of isolated tetrahedral Ti(IV) species [26], while th ba ds located
at 270–280 nm have been attribut d to penta- or hexacoordinated polymeri Ti species [27]. The inset
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in Figure 6 shows a high-resolution X-ray photoelectron spectroscopy (XPS) spectrum of HTPS-650
around Ti 2p. In agreement with the UV-VIS spectral analysis, both Ti 2p1/2 and for Ti 2p3/2 peaks
could be deconvoluted with only one component that corresponds to Ti(IV), which is consistent with
the previous report by some of the authors [28].
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2.2. Catalytic Properties
In order to evaluate the catalytic activity of HTPS samples for methanol dehydrogenation, the
catalytic tests w re performed at various temperatures betw en 250 and 400 ◦C. The alcoh l flow
r te was 0.08 mL/min and the catalyst mass was 0.1 g. Under these co itions, formaldehyde and
hydrogen were the main products, nd CH4 was observed as a side product. The methanol conv rsion
an product selectivities as a function of reaction temperatu e are shown in Figure 7. Figure 7a shows
that all of the samples exhibit catalytic activities for th reaction. For both HTPS-600 and -650, the
conversion increases sharply at 300 ◦C to over 45% and reach s 52% at 400 ◦C. However, -7
shows a, more r less, li ear incr ase in the same temperatur range the conversion becomes
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comparable only at 400 ◦C. On the contrary, the selectivity to formaldehyde is the same (~100%) for
all of the samples in the entire temperature range (Figure 7b), which cannot be correlated with either
the surface acidity or the specific surface area of the HTPS catalysts. The significantly lower methanol
conversion by HTPS-700 in the low temperature region is puzzling but may be due to either the low
surface acidity or the low surface area compared to HTPS-600 and -650.
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Figure 7. Effect of the temperature on the methanol conversion (a) and formaldehyde (H2) and
methane selectivity (b) over HTPS-600 (blue), HTPS-650 (green), and HTPS-700 (red) (methanol flow
rate 0.08 mL/min, catalyst loading 0.1 g).
Solid aci s are not generally associated with the non-oxidative dehydrogenati f alcohols,
but with dehydration, lthough there have been exceptions. For example, n n-oxidative
dehydrogenation f ethanol has been carried out over mildly acidic NASICON-type compounds
Li0.9Zr2(PO4)2.9(MoO4)0.1 and Li1Zr1.8In0.1Nb0.1(PO4)3 [29]. They showed conversions of 100% and
acetaldehyde selectivities of ~60% and 80%, respectively, although the catalyst activity was attributed
mainly to redox chemistry of the high-oxidation transition metal ions in the catalysts. Relatively mild
surface acidity may be beneficial based on the results obtained by Florek-Milewska et al. [30] who
noted that the stronger acidity of the catalyst did not allow CH2O molecules to desorb from the surface
in the gas phase leading to the formation of methyl formate, which was not observed for our catalysts.
The importance of solid acidity for the non-oxidative dehydrogenation was also mentioned for the
Na-ZSM-5 catalysts [9], although the specific role of the acid site during dehydrogenation has not
been established.
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The influence of contact time on methanol conversion and formaldehyde yield over the three
catalysts is shown in Figure 8. With higher calcination temperatures, the catalysts exhibit lower
methanol conversion and formaldehyde yield. Methanol conversion increases with surface area and
is always the highest for HTPS-600, and increases rapidly with contact time from a W/F (g·h/mol)
of 0.75 to 1.75, beyond which the change is less rapid. Formaldehyde yield shows different trends
for the catalyst. It increases linearly for HTPS-600, while it does not change for HTPS-650 or shows a
maximum at 1.75 g·h/mol for HTPS-700.
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Figure 9 presents results of stability experiments for non-oxidative dehydrogenation of methanol
that were conducted over HTPS 600 at 350 ◦C for 15 h, with a methanol flow rate 0.08 mL/min and a
catalyst loading of 0.3 g. The methanol conversion is constant around 52% and the selectivity remains
at 100% for 7 h, after which it decreases to 99% where it remains stable. The unchanging conversion
and selectivity are quite remarkable considering the rapid deterioration of catalytic activities of other
catalysts reported in the literature through various different mechanisms. Catalyst deactivation is,
generally, most pronounced during the initial hours, as observed for ZnO-based catalysts at 600 ◦C
where the Zn2+ is reduced to Zn0 and then ev porates. Zeolite-based catalysts re deactivated due to
coking at 500–600 ◦C [9]. High ac ivi y of Ag–SiO2–MgO–Al2O3 catalyst disappears upon deleterious
appearance and growth of silver nanoparticles during the catalytic reaction [16]. In contrast, HTPS-600
retains its methanol conversion and selectivity for formaldehyde, and this indicates the robustness of
the chemical structure and morphologies of the catalyst during operation. The results obtained for
Catalysts 2017, 7, 95 9 of 13
methanol dehydrogenation are summarized and compared with other catalysts from the literature in
Table 2.
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Figure 9. Stability of methanol conversion and selectivity for formaldehyde on HTPS-600 at 350 ◦C
(flow rate 0.08 mL/min, catalyst mass 0.3 g).
Table 2. Performance of various catalysts for methanol dehydrogenation to formaldehyde (reaction
condition in this work: flow rate 0.08 mL/min, catalyst mass 0.1 g, time 30 min).
Catalyst Temperature (◦C) Methanol Conversion (%) H2CO Selectivity (%) TON 1 (10−4) Reference
HTPS-60 0 53 98 1.5 This work
HTPS-650 400 52 99 1.2 This work
HTPS-700 400 49 99 0.6 This work
Cu(0)-TSM 2 400 6 100 - [8]
Cu/SiO2 500 30 82 - [11]
Ag/SiO2-Al2 3 650 70 97.5 - [16]
Ce-Z Si 2 0 40 32 - [9]
Na-ZnO/SiO2 600 38 30 - [9]
1 Turnover number (TON) = moles of methanol converted/moles of active sites (acidity); 2 TSM, fluoro
tetrasilicic mica.
HTPS-650 catalyst was further tested for non-oxidative dehydrogenation of ethanol and the
results are presented in Figure 10. Acetaldehyde is produced by the reaction: C2H5OH C2H4O +
H2, while dehydration side reaction results in ethylene (C2H5OH C2H4 + H2O). In comparison to
methanol conversion, the ethanol conversion is much more effective, exceeding 95% even at 250 ◦C.
However, the selectivity to acetaldehyde remains moderate at 43%–56%. The relatively low selectivity
for acetaldehyde, the dehydrogenation product, is a stark contrast against the near 100% selectivity for
formaldehyde in methanol conversion. The significant dehydration side reaction is consistent with
the facts that solid acids are effective for dehydration [31] and that the hydroxyl group of ethanol is
electron-richer and, thus, more easily protonated than that of methanol. Nevertheless, HTPS is more
active than another known NASICON-type compound, Li0.9Zr2(PO4)2.9(MoO4)0.1, which showed
conversion of ethanol around 30% to 100%, with the selectivity for acetaldehyde decreasing from 20%
to <5%, while selectivity to ethylene increased from 1% to 30% with other side products such as diethyl
ether and C4 hydrocarbons [32]. HTPS exhibits a high conversion at lower temperatures and a simple
two-component effluent mixture of only acetaldehyde and ethylene which can be easily separated due
to the significant difference in their boiling points (20.2 vs. −103.7 ◦C).
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Catalysts were prepared under the same sol-gel conditions, but at three different calcination
temperatures, and were named accordingly. For a typical synthesis, TiOSO4 dissolved in water was
obtained fr m 4.41 g of TiOSO4·0.18H2SO4·3.11H2O (Sigma-Aldri h, St. Louis, MO, USA) in 3.43 g of
deionized water with magnetic stirring in an 80 mL glass jar. Then, 3.82 g of 27 wt % H2O2 (Alfa Aesar,
Haverhill, MA, USA) was added slowly, to give the Ti/H2O2 molar ratio of 1.8. To the solution, 2.77 g
of polyethylene glycol bisphenol A epichlorohydrin copolymer (~98% polyethylene glycol (PEG))
(15–20 kDa, 45.5 wt %, Sigma-Al rich) was added while stirring to result in 10 wt % PEG compound
solution. Finally, 2.44 g of 83.3 wt % H3PO4 solution (Alfa Aesar) was introduced und r stirring, and
the final titanium concentration was 2.1 M. The glass jar was covered and heated in a lab oven at 60 ◦C
for 40 h. After that, the sample was uncovered and was heated at the same conditions for 12 h to yield
an orange crumbling dry gel, followed by calcination at different temperatures for 10 h in an ashing
furnace (Carbolite, Hope Valley, UK, AAF1100) with a heating rate of 100 ◦C/h to produce a porous
white compound.
3.2. Materials Characterization
The X-ray diffraction patterns were determined with a PANalytical X’Pert Pro MRD diffractometer
(PANalytical, Almelo, the Netherlands) using Cu Kα radiation. The sample was crushed together with
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internal standard (Si, a = 5.4301 Å), and spread on a zero-background quartz sample holder. Data was
acquired by scanning 2θ from 10◦ to 90◦ with a step size of 0.0251◦ and a scan time of 30 min.
Scanning electron microscopy (SEM) imaging studies were obtained with an XL-30 Environmental
SEM (FEI Company, Hillsboro, OR, USA) using 20 keV electrons on lightly ground samples.
Transmission electron microscopy (TEM) studies were performed on finely ground catalysts
that were dusted on to TEM grids. High resolution TEM images were collected on a JEOL
2010F (JEOL, Arvada, CO, USA) at an accelerating voltage of 200 kV. For the elemental analysis a
Thermo iCAP6300 inductively-coupled plasma optical emission spectrometer (ICP-OES, ThermoFisher
Scientific, Waltham, MA, USA) was used.
For sorption measurements, samples were first degassed under vacuum at 200 ◦C for 8 h. Nitrogen
sorption isotherms were obtained on a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer
(Micromeritics, Norcross, GA, USA) at 77 K. The BET model was applied to the partial pressure range of
0.05–0.2 of the adsorption branch to calculate surface area. The desorption branch was used for analysis
of the pore characteristics. To estimate the pore size distribution, the BJH model using the Halsey
thickness curve, heterogeneous surfaces and Faass correction to account for multilayer desorption, was
applied [33]. For the total pore volume determination, the total quantity of gas adsorbed at p/p0 ≈ 0.98
was used.
The NH3-TPD measurements were realized with a Micromeritics Auto-ChemII apparatus
(Micromeritics, Madrid, Spain) equipped with a programmable temperature furnace and thermal
conductivity detector. An amount of the sample (0.05 g) was purged for 2 h with 40 mL/min He.
Under the same He flow, the temperature was increased from ambient to 500 ◦C using a heating rate
of 5 ◦C/min, followed by decreasing the temperature to 40 ◦C. The sample was further flushed with
3% NH3/He for 30 min at 40 ◦C, and purged with 40 mL/min He at 40 ◦C for 1 h. The temperature
was increased from 40 to 700 ◦C at 10 ◦C/min, while measuring the amount of ammonia at the exit
flow. At temperatures below 350 ◦C corresponds weak acidity, between 350 and 500 ◦C medium, and
strong acidities were assigned above 500 ◦C [34].
The UV-VIS spectra were determined with a UV3600 spectrophotometer (Shimadzu, Osaka, Japan)
with a Shimadzu ISR-3100 integrating sphere attachment having an angle of incident light of 0◦–8◦,
a wavelength range of 200–800 nm, with a wavelength step of 2 nm, and having a slit width of 8 nm.
For the sample dilution, barium sulfate has been used (purchased from Nacalai Tesque, Kyoto, Japan).
XPS was performed using a VG ESCALAB 220i-XL with an Al Kα anode (1486.6 eV) at 60 W and 12 kV,
with 0.7 eV line width. The X-ray takeoff angle was set to 45◦ and data were acquired near the sample
edge, and charge compensation was used. Calibration was performed about the hydrocarbon peak
at 284.5 eV, and peak fitting was performed using CasaXPS software (version 2.3.16 PR 1.6, CASA
Software Ltd., Teignmouth, Devon, UK, 1999–2011).
3.3. Measurements of Catalytic Activity
The measurements for methanol and ethanol dehydrogenation were realized using
a continuous-flow, tubular fixed-bed glass reactor (10 mm i.d., University of Bucharest, Bucharest,
Romania) at temperatures between 250 and 400 ◦C, at atmospheric pressure. Before the reaction,
the reactor was purged with N2 to remove air. The catalyst weight was 0.1–0.3 g and the methanol flow
rate was from 0.08 to 0.3 mL/min. Reaction products were collected every 30 min and were analyzed
by a gas chromatograph TRACE GC Ultra (Thermo Finnigan, Bucharest, Romania) equipped with a
hydrogen flame ionization detector (FID), a capillary column with a DB5 stationary phase (30 m length
and 0.324 mm diameter), and highly pure N2 (99.999%) as the carrier gas.
4. Conclusions
The non-oxidative dehydrogenation of methanol and ethanol to the respective aldehydes was
carried out over a new titanium phosphate sulfate catalyst, H1−xTi2(PO4)3−x(SO4)x, which has a high
surface area and high porosity.
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The catalytic activity increasing depends on a variety of factors, such as (i) the presence of isolated
tetrahedral species; (ii) higher surface area, which leads to more active sites on the surface; and (iii) the
presence of a weak and medium acidity making the catalysts calcinated at 600 and 650 ◦C, more active
than the one calcinated at 700 ◦C.
With methanol, selectivity for formaldehyde was nearly 100% and, at temperatures above 300 ◦C,
the conversion was higher than 50%. The catalyst performance was steady for at least 15 h at 350 ◦C.
In contrast, the catalyst showed over 95% conversion of ethanol even at temperatures as low as 250 ◦C,
with selectivity for acetaldehyde up to 56%. The compounds are the first examples of solid acids that
efficiently catalyze non-oxidative dehydrogenation of alcohols. Their robust catalytic activities warrant
further exploration of similar solid acids in search for ideal catalysts for the reactions.
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